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While the discovery of Dirac and Weyl type ex-
citations in electronic systems is a major break-
through in recent condensed matter physics, find-
ing appropriate materials for fundamental physics
and technological applications, is an experimen-
tal challenge. In all the reported materials, lin-
ear dispersion survives only up to a few hun-
dred meV from the Dirac or Weyl nodes. On
the other hand, real materials are subject to un-
controlled doping during preparation and thermal
effect near room temperature can hinder the rich
physics. In ZrSiS, ARPES measurements have
shown an unusually robust linear dispersion (up
to ∼2 eV) with multiple non-degenerate Dirac
nodes. In this context, we present the magne-
totransport study on ZrSiS crystal, which rep-
resents a large family of materials (WHM with
W = Zr, Hf; H = Si, Ge, Sn; M = O, S, Se,
Te) with identical band topology. Along with
extremely large and non-saturating magnetore-
sistance (MR), ∼ 1.4 × 105 % at 2 K and 9 T,
it shows strong anisotropy depending on the di-
rection of the magnetic field. Quantum oscilla-
tion and Hall effect measurements have revealed
large hole and small electron Fermi pockets. Non-
trivial pi Berry phase confirms the Dirac fermionic
nature for both types of charge carriers. The
long-sought relativistic phenomenon of massless
Dirac fermions, known as Adler-Bell-Jackiw chi-
ral anomaly, has also been observed.
The discovery of topological insulators (1) and three-
dimensional Dirac and Weyl semimetals (2,3), has
emerged as one of the major breakthroughs in condensed
matter physics in recent time. Materials with topolog-
ically non-trivial band structure serve as template to
explore the quantum dynamics of relativistic particles
in low-energy condensed matter systems. In addition
to rich physics, these systems offer possibility of practi-
cal applications in magnetic memory, magnetic sensor or
switch and spintronics, due to the novel transport phe-
nomena such as extreme magnetoresistance and ultra-
high mobility (4-6). In Dirac semimetals, bulk valence
and conduction band undergo linear band crossings at
four-fold degenerate Dirac points protected by time re-
versal (TRS), inversion (IS) and crystal symmetry (CS)
(7,8). By breaking either TRS or IS, each Dirac point can
be broken into a pair of doubly degenerate Weyl points,
accompanied by the surface Fermi arc (7,8). Theoret-
ical prediction (7,8) followed by ARPES and transport
measurements have verified the existence of bulk Dirac
points in Cd3As2 and Na3Bi (2, 9-11) and Weyl nodes
in IS breaking TX (T = Ta, Nb; X = As, P) fam-
ily of materials (3,12-14) and TRS breaking YbMnBi2
(15). Apart from these compounds, recently, topologi-
cal nodal line semimetals (TNLSM) have emerged, where
the bands cross along one-dimensional closed lines in k-
space instead of discrete points. Although proposed in
few materials (16,17), the existence of nodal line has
been experimentally verified only in IS breaking non-
centrosymmetric superconductor PbTaSe2 (18).
Recently, first-principle calculations and ARPES mea-
surement have revealed the existence of multiple Dirac
crossings along with unconventional hybridization of sur-
face and bulk states in ZrSiS (19,20). The Dirac nodes
are protected by non-symmorphic symmetry and reside
at different energy values of band structure with a di-
amond shaped Fermi surface. Another feature which
makes ZrSiS an interesting system, is the energy range of
the linear band dispersion. While most of the materials
observed so far have linear band dispersion up to a few
hundred meV from the Dirac point, in ZrSiS the range is
observed to be as high as 2 eV in some regions of the Bril-
louin zone. To realize and exploit the interesting features
of Dirac or Weyl fermions in electronic transport proper-
ties, the primary requirement is that the Fermi energy of
the material should remain within the linear dispersion
region. As real materials often undergo uncontrolled dop-
ing or deviation from ideal stoichiometry during prepa-
ration, very careful and delicate experimental procedures
are required to ensure that this primary criterion is ful-
filled. On the other hand, very large energy range of lin-
ear band dispersion makes ZrSiS robust enough to satisfy
this requirement even when the crystals encounter cer-
tain level of carrier doping or non-stoichiometry. Hence,
ZrSiS represents a sturdy topological system, which can
be used in industrial applications.
Results
Sample characterization. High-resolution trans-
mission electron microscopy (HRTEM) and energy-
dispersive X-ray spectroscopy (EDX) reveal high quality
of the ZrSiS single crystals without any impurity. The
details are given in SI (Fig. S1 and Fig. S2).
Temperature dependence of resistivity. As
shown in Fig. 1A, the zero-field resistivity of ZrSiS shows
metallic character. ρ decreases monotonically with the
decrease in T down to 2 K. The resistivity at 2 K be-
comes as low as ∼ 52 nΩ cm which is comparable to
that reported for Cd3As2 (10). At temperature below
10 K, the measured resistivity shows some fluctuations
within the instrument resolution, which can be explained
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in terms of the quantum ballistic transport (21). The ul-
tralow residual resistivity and signature of quantum bal-
listic transport suggest that the mean free path of the
charge carriers is very large. Hence, the impurity effect
in ZrSiS is almost negligible. The residual resistivity ra-
tio ρ(300 K)/ρ(2 K) is found to be 288, which is quite
large and confirms good metallicity and high quality of
the crystals. The resistivity data, in the temperature
range 10 to 115 K, can be fitted well with the expression
ρ(T ) = ρ0 +AT
n with n ∼ 3, as shown in Fig. S3A (See
SI). This indicates a deviation from pure electronic cor-
relation dominated scattering mechanism (n = 2) (22).
Similar type of temperature dependence of ρ has also
been observed in unconventional semimetals LaSb (n =
4) (23) and LaBi (n = 3) (24) and has been attributed to
interband electron-phonon scattering. ρ(T ) is linear in
the high temperature region above 115 K. With the ap-
plication of magnetic field, the low-temperature resistiv-
ity undergoes a drastic enhancement, reflecting a metal-
semiconductor-like crossover even at a field of 1 T only.
This type of magnetic field-induced crossover is often de-
scribed as a result of gap opening at the band touch-
ing points in topological semimetals (14, 23-26). It is
evident from Fig. 1B that the metal-semiconductor-like
crossover is extremely sensitive to the direction of applied
field. With current along a axis and magnetic field par-
allel to c axis, a strong crossover has been seen. On the
other hand, rotating the field direction by 90◦, i.e., par-
allel to b axis, results in much weaker crossover, which
occurs at higher field strength. In both the cases, the
crossover temperature (Tm) increases monotonically with
field and is showing Tm ∝ (B−B0)1/ν type relation (Fig.
S3B) (See SI). ν has a value ∼3 for both the applied field
directions and deviates from the value ν = 2 for compen-
sated semimetals Bi, WTe2 and graphite (27,28). Con-
sidering the thermal activated transport as in the case of
intrinsic semiconductor (29), ρ(T ) = ρ0exp(Eg/2kBT ),
we have calculated the values of the thermal activation
energy gap ∼20.2 meV and ∼3.7 meV at 9 T, for field
directions along c axis and b axis, respectively (Fig. S4A
and S4B). The calculated gap Eg shows strong magnetic
field dependence (Fig. S4C ) (See SI). For both the di-
rections, below Tm, the resistivity exhibits an inflection
followed by a plateau region. Similar low-temperature
resistivity plateau has been observed in other topological
semimetals and is independent of the sample quality (14,
23-26). Therefore, this low-temperature resistivity satu-
ration is an intrinsic property of topological semimetals.
However, the origin of this behavior is not yet settled
(23).
Extreme transverse magnetoresistance. The
transverse magnetoresistance (TMR), i.e., the change in
resistance with magnetic field applied perpendicular to
the current direction has been measured at several tem-
peratures. As illustrated in Fig. 2A, at some represen-
tative temperatures, with current parallel to a axis and
magnetic field along c axis, an extremely large, non sat-
urating MR is obtained. At 2 K and 9 T, MR is 1.4 ×
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FIG. 1. Temperature dependence of resistivity measured un-
der different transverse magnetic fields: (A) B ‖ c axis and
(B) B ‖ b axis.
105 %, which is comparable to that observed in several
Dirac and Weyl semimetals (10,13,14,25,26). With the
increase in temperature, MR decreases dramatically to a
value of just about 14 % at 300 K and 9 T. At low field,
MR shows a quadratic field dependence (∝ B2), which
becomes almost linear at higher field. As shown in Fig.
S4D (See SI), the MR data at different temperatures can
not be rescaled to a single curve using the Kohler’s rule
MR = α(µ0H/ρ0)
m. The violation of Kohler’s rule sug-
gests the presence of more than one type of carrier and or
the different temperature dependence of their mobilities
(28,30). Applying field parallel to b axis and keeping the
current direction unchanged, the MR at 9 T has been
seen to reduce to ∼ 7000 % at 5 K (Fig. 2B). At 3 K
and 9 T, the anisotropic ratio ρ(B ‖ c)/ρ(B ‖ b) has a
large value 21, which is comparable to that reported in
NbSb2 (26). This reflects strong anisotropy in electronic
structure associated with the quasi two-dimensional na-
ture of the Fermi surface observed in ARPES (20). For
a two-dimensional system, where the charge is confined
within the plane, the electronic motion is unaffected for
magnetic field parallel to the plane, i.e., the anisotropy
in MR will be extremely large. On the other hand, MR
ratio is expected to be close to 1 for an isotropic three-
dimensional system.
Longitudinal magnetoresistance and chiral
anomaly. Next, the longitudinal MR (LMR) has been
measured with both the current and magnetic fields ap-
plied along a axis. As shown in Fig. 2C, negative MR
has been observed at low field. With the increase in tem-
perature, the negative MR progressively weakens. This
negative MR has been ascribed to induced Adler-Bell-
Jackiw chiral anomaly in Dirac systems, where a Dirac
node splits into two Weyl nodes with opposite chiral-
ity due to broken TRS, under application of magnetic
field (8). Parallel magnetic (B) and electric field (E)
act as a non-trivial gauge field (E.B), which induces the
chiral anomaly, i.e., charge imbalance between the two
Weyl nodes of opposite chirality. This causes an extra
flow of current along the direction of the applied elec-
tric field and results in the negative LMR. The chiral
magnetic effect, a long sought phenomenon proposed in
relativistic quantum field theory, has been demonstrated
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FIG. 2. Transverse magnetoresistance with current along a
axis and magnetic field parallel to (A) c axis and (B) b axis,
measured at different temperatures, up to 9 T. (C) Longitu-
dinal magnetoresistance (LMR) with current and field along
a axis. (D) Fitting of longitudinal magnetoconductivity data
at 2 K using semiclassical formula.
in several 3D Dirac and Weyl semimetals such as Cd3As2
(31), Na3Bi (32) and TaAs (13). The field dependence of
longitudinal conductivity [σxx(Bx)] at a particular tem-
perature, can be analyzed using the semiclassical formula
(13),
σxx(Bx) = (1+CwB
2
x)(σ0+a
√
Bx)+(ρ0+AB
2
x)
−1, (1)
where σ0 and ρ0 are the zero-field conductivity and re-
sistivity at that temperature, respectively and Cw is a
temperature dependent parameter originating from chi-
ral anomaly. The term (σ0 + a
√
Bx), takes care of the
low-field minima in the conductivity, which is generally
described as the effect of weak anti-localization in Dirac
systems (13,32), while the second term on the right-hand
side includes the contribution from the non-linear bands
near the Fermi level. Fig. 2D illustrates the good agree-
ment between the theoretical expression and experimen-
tal data. From Fig. 2C, it can be seen that the MR
becomes positive at high field which is due to small mis-
alignment of E and B. The LMR at all temperatures,
can be well described using a misalignment angle ∼ 2◦.
The details are provided in the SI (Fig. S5A). We have
also measured LMR with E‖B, along different crystal-
lographic directions and on several crystals. For all the
cases, similar negative MR has been observed, which con-
firms that negative LMR is associated with E‖B config-
uration rather than any particular crystallographic direc-
tion. In Fig. S5B, the measured LMR for E‖B‖b axis,
is shown as a representative (See SI). Negative LMR has
also been observed in few systems other than Dirac or
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FIG. 3. (A) & (B) SdH oscillation obtained by subtracting
smooth background from magnetoresistance measurement,
plotted with inverse magnetic field (1/B) at different tem-
peratures for the two deconvoluted components. The insets in
both figures show the corresponding FFT results. (C) The an-
gle dependence of oscillation frequencies. For clarity, FFT re-
sults for different angles are shifted vertically. The schematic
of the experimental setup is shown in the inset.
Weyl semimetals. However, in these systems the origin
and nature of negative MR are completely different from
chiral anomaly (See SI).
SdH oscillation and Fermi surface properties.
Another interesting feature which emerges from the
transport measurement is the presence of SdH oscilla-
tion traceable at field even below 2 T and temperature
up to 20 K. This not only gives an insight into the na-
ture of the Fermi surface, but also provides an evidence
of very high mobility of the associated charge carriers.
From the transverse MR data, it is clear that there are
more than one frequency. To extract the oscillatory com-
ponent ∆ρ(B), a smooth background is subtracted from
ρ(B). To deconvolute the two components of oscillation,
the background subtraction has been done in two steps.
In Fig. 3A and Fig. 3B, ∆ρ(B), for two different com-
ponents, is plotted as a function of 1/B at several repre-
sentative temperatures. As the oscillation peaks are very
sharp and the field interval used in the measurements is
not too small compared to the peak width, some fluc-
tuations in the intensity have been observed in Fig. 3B.
Using a much smaller field interval, we have observed that
the peak intensity becomes systematic (See SI Fig. S6A).
The fast Fourier transform (FFT) analysis of the oscilla-
tory components reveals oscillation frequencies 14 T and
238 T. The obtained frequencies indicate the existence
of a very large and a small Fermi surface cross-sections
perpendicular to c axis. Using the Onsager relationship,
F = (ϕ0/2pi
2)AF , where ϕ0 is the single magnetic flux
quantum and AF is the Fermi surface cross-section per-
3
0 5 1 0 1 5 2 0
0 . 0
0 . 4
0 . 8
0 1 0 2 0 3 0 4 0 5 0
0 . 0
0 . 1
0 . 2
0 . 0 0 0 . 1 5 0 . 3 00
3
6
( B )
 
 
     2 3 8  T     1 4  T    L - K  f o r m u l a  f i t t i n g .
Am
p. (
a. u
.)
T  ( K )
( A )
 
 
1/B
 (T -
 1 )
n
 E x p e r i m e n t a l  d a t a L i n e a r  f i t t i n g
 
 
1/B
 (10
 - 4
 T - 
1 )
n
 - 0 . 0 1 ( 1 )
FIG. 4. (A) Temperature dependence of relative amplitude
of SdH oscillation for both the Fermi pockets. (B) Landau
level index plot for 238 T frequency oscillation. Inset shows
the x-axis intercept by extrapolated linear fitting. The value
of y-axis intercept is shown by the arrow.
pendicular to the applied magnetic field, we have calcu-
lated cross-sections 1.4×10−3 A˚−2 and 22.7×10−3 A˚−2
for 14 T and 238 T frequencies, respectively. In Fig.
4A, the oscillation amplitude for both the frequencies is
shown as a function of temperature and has been fitted
using the thermal damping factor of Lifshitz-Kosevich
formula, RT = (2pi
2kBT/β)/ sinh(2pi
2kBT/β), where β
= eh¯B/m∗. From the fitting parameters, the cyclotron
effective masses (m∗) of the charge carriers are deter-
mined to be ∼ 0.14 m0 and ∼ 0.1 m0 for 238 T and 14
T frequencies respectively, where m0 is the rest mass of
the free electron. To determine the approximate value
of the carrier density, we have employed its relation with
the oscillation frequency (33), ∆
(
1
B
)
= 2eh¯
(
gsgv
6pi2n3D
)2/3
,
where gs and gv are the spin and valley degeneracies.
We found the carrier densities (n3D) to be 2×1019 cm−3
and 3×1017 cm−3 for the large and small Fermi pockets,
respectively. From the magnetic field-induced damping
of oscillation amplitude, ∆ρ ∝ exp(−2pi2kBm∗TD/h¯eB),
the Dingle temperatures (TD) are determined to be 11.2
K and 3.4 K for the large and small Fermi pockets, re-
spectively, at 2 K. To get a quantitative estimate about
the mobility of the charge carriers in the system, we have
calculated the quantum mobility, µq = (eh¯/2pikBm
∗TD).
The obtained values ∼ 1.3×103 cm2 V−1 s−1 and ∼6.2×
103 cm2 V−1 s−1 for the large and small frequencies re-
spectively, imply the significant difference between the
mobilities of the carriers, which is expected due to dif-
ferent effective masses of the carriers associated with the
Fermi pockets (mobility ∝ 1m∗ ). The quantum mobil-
ity in a system is always lower than the classical Drude
mobility (µc), as µq is sensitive to both large and small
angle scattering, while µc is sensitive to only large angle
scattering (34). The extracted parameters from SdH os-
cillation are summarized in Table I. With magnetic field
along b axis, no clear oscillation has been recorded up
to 9 T applied field. This may be due to heavier effec-
tive mass and low mobility of the charge carriers along
that direction and/or quasi two-dimensional nature of the
Fermi surface in ZrSiS.
TABLE I: Parameters extracted from SdH oscillation
for two Fermi pockets (34). kF , vF , l are the Fermi
momentum, Fermi velocity and mean free path of the
charge carriers, respectively.
F kF m
∗ vF l µq nq
T 10 −2A˚
−1
m0 10
5m/s nm 103cm2/Vs 1017cm−3
238 8.5 0.14 2.4 25.7 1.3 200
14 2 0.1 6.9 247.4 6.2 3
Angle dependence of oscillation frequencies. For
deeper understanding of the Fermi surface geometry, we
have performed angle resolved transverse MR measure-
ments and SdH oscillation analysis. The resultant FFT
spectra for different directions, are shown in Fig. 3C.
The inset illustrates the experimental set-up with current
along a axis and magnetic field rotated in the bc plane.
As illustrated in Fig. 3C, the low-frequency component
Fα (14 T) remains invariant with increasing angle up to
20◦, after which it bifurcates into two very closely spaced
frequency components. However, with further increase in
angle, they come close to each other and merge to become
a single frequency. On the other hand, the high-frequency
component Fβ (238 T) splits into two components (Fδ
and Fε), which are well separated in the frequency spec-
tra. While the higher one (Fε) among the two, disappears
above a certain angle, Fδ is seen to shift towards lower
value and then bifurcates (Fω and Fφ). As already dis-
cussed, with current along a and magnetic field along b
axis (θ = 90◦), no clear oscillatory component has been
found.
Berry phase and Zeeman splitting. In an ex-
ternal magnetic field, a closed orbit is quantized follow-
ing the Lifshitz-Onsager quantization rule (35), AF
h¯
eB =
2pi(n+ 12−β−δ) = 2pi(n+γ−δ), where 2piβ is the Berry’s
phase and δ is a phase shift determined by the dimension-
ality, having value 0 and ± 1/8 for 2D and 3D cases, re-
spectively. The nature of the electronic band dispersion is
determined by the value of the Berry phase, which is 0 for
the conventional metals with parabolic band dispersion
and pi for the Dirac/Weyl type electronic system with lin-
ear band dispersion. The quantity γ− δ = 12 −β− δ, can
be extracted from the x-axis (along which the Landau
level index n has been plotted) intercept in the Landau
level fan diagram and takes a value in the range - 1/8
to + 1/8 for 3D Dirac fermions (35). In Fig. 4B, the
Landau level fan diagram for the larger Fermi pocket in
ZrSiS, has been plotted, assigning maxima of the SdH
oscillation as integers (n) and minima as half-integers (n
+ 1/2). Extrapolated linear fitting gives an intercept of
0.15(3) (shown in the inset). The sharp, symmetric and
well-separated oscillation peaks over a wide range (n =
27 to 53) and traceable down to ∼ 4 T, imply no sig-
nificant error in determining the value of the intercept
from the linear n vs. 1/B fit. On the other hand, with
higher magnetic field to achieve lower Landau level, the
non-linearity in the index plot may arise due to the Zee-
man splitting of oscillation peaks as observed for 14 T
4
frequency and discussed below. Similar to that observed
for 238 T frequency, a small intercept ∼ -0.01 is obtained
for 14 T frequency and shown in Fig. S6B (See SI). For
both the Fermi pockets, the intercepts are very close to
the range ± 1/8. For the smaller frequency, the experi-
mental peak positions are seen to deviate slightly from a
straight line which can be attributed to the Zeeman split-
ting of the Landau levels (34,36). Although the presence
of Zeeman splitting is not clearly visible in the SdH oscil-
lation, the spin-split peaks can be easily distinguished in
the de Haas-van Alphen (dHvA) oscillation in our mag-
netization measurements (Fig. S7A and S7B) (See SI).
Taking the peak and valley positions of the lower field
oscillations, which are almost free from the Zeeman split-
ting, we have also plotted the Landau level fan diagram
for smaller frequency from dHvA oscillation (Fig. S7C )
and obtained a small intercept 0.05(2). Furthermore, we
have calculated the Berry’s phase from the SdH oscilla-
tions at different angles (up to 20◦) and did not find any
significant change. Finding reasonably accurate value of
Berry’s phase for higher angles is much more complicated
due to the presence of multiple oscillation frequencies.
Hall measurement. To determine the nature of the
charge carriers of two Fermi pockets, the Hall effect mea-
surement has been performed. At 300 K, the Hall resis-
tivity is found to be almost linear with field and posi-
tive (Fig. 5A), which indicate holes as majority carriers,
consistent with the earlier ARPES report (20). With de-
creasing temperature, the Hall resistivity develops a sub-
linear character and at around 50 K, it changes sign from
positive to negative at high magnetic field, confirming the
existence of more than one type of carrier. The overall
behavior of the Hall resistivity can be explained by con-
sidering low-mobility holes and higher-mobility electrons
associated with large and small Fermi pockets, respec-
tively. Following the classical two-band model (37), the
Hall resistivity is fitted in Fig. S8 (See SI). Obtained
electron and hole densities, 1.6×1017 cm−3 and 6×1019
cm−3, respectively, are in agreement with those calcu-
lated from SdH oscillation. As expected, at 5 K, large
electron mobility ∼ 2×104 cm2 V−1 s−1 and hole mobil-
ity ∼ 2.8×103 cm2 V−1 s−1 have been obtained from the
fitted parameters. From the Hall resistivity, it is clear
that at least two band crossings are present in the elec-
tronic band structure of ZrSiS at different energy values,
as shown schematically in Fig. 5B. The earlier reports
on ARPES and band structure calculations suggest the
presence of multiple Dirac crossings at different energy
values as illustrated in the schematic Fig. 5C. As shown,
the Dirac cones 1 and 2 cross the Fermi energy, having
Dirac points at two different energy values. Among the
rest, 3 and 4 have their band crossing points almost at the
chemical potential with negligible Fermi surface, while 5
and 6 are lying well below the Fermi energy. Thus in
this configuration, it is expected that only Dirac cones 1
and 2 will contribute to the transport properties of ZrSiS,
which is consistent with our magneto-transport results.
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FIG. 5. (A) Field dependence of the Hall resistivity mea-
sured at different temperatures. (B) Schematic explaining
transport measurement results. (C) Schematic illustrating
multiple Dirac cones in ZrSiS as described in earlier reports
(19,20).
In conclusion, we present the systematic study of the
magneto-electronic transport properties on ZrSiS single
crystals. Magnetic field-induced metal-semiconductor-
like crossover along with strongly anisotropic transport
properties have been observed. The anisotropic MR
along different crystallographic axes is in good agreement
with the quasi two-dimensional nature of the Fermi sur-
face observed in ARPES. Transverse MR approaches an
extremely large value ∼ 1.4 × 105 % at 2 K and 9 T,
without any sign of saturation. Under parallel E and B
configuration, the observed negative MR implies Adler-
Bell-Jackiw chiral anomaly of three-dimensional Dirac
fermions in ZrSiS. The SdH oscillation reveals two in-
equivalent Fermi surface cross-sections perpendicular to
crystallographic c axis. The Dirac fermionic nature of
the charge carriers is also confirmed from the observed
non-trivial pi Berry phase in Landau level fan diagram
for both the Fermi pockets. Non-linear field dependence
of Hall resistivity indicates the presence of both electron
and hole type charge carriers. Classical two-band fitting
of Hall resistivity reveals high mobilities for both types of
charge carrier. SdH oscillation along with Hall measure-
ment reflect multiple band crossings at different energy
values of the electronic band structure. We believe, the
present work not only makes a substantive experimental
contribution in this contemporary area of research but
also can encourage further extensive works in ZrSiS and
other members of the family.
Note added: During the submission process of our
manuscript, several reports on magnetotransport and
magnetization measurements in ZrSiS were submitted to
arXiv.org (38-40), supporting the major conclusions of
our work.
Materials and Methods
The single crystals were grown by standard iodine vapor
transport technique and characterized using HRTEM and
EDX. The transport measurements were performed in PPMS
(Quantum Design) and cryogen free system (Cryogenic) via
four-probe technique. Magnetic measurements were done in
MPMS3 (Quantum Design). See SI Materials and Meth-
5
ods for details.
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Supplementary information: Large
nonsaturating magnetoresistance and signature
of non-degenerate Dirac nodes in ZrSiS
SI Materials and Methods. Single crystals of ZrSiS
were grown in two steps via iodine vapor transport.
At first, the polycrystalline powder was synthesized
using elemental Zr (Alfa Aesar 99.9%), Si (Strem Chem.
99.999%) and S (Alfa Aesar 99.9995%). The details
are described elsewhere (41). Then the polycrystalline
powder together with iodine in a concentration of 5
mg/cm3 were sealed in a 20 cm long quartz tube under
vacuum. The quartz tube was kept in a gradient furnace
for 72 h with the powder at 11000C, while the cooler end
at 10000C. Shinny rectangular plate-like crystals were
obtained at the cooler end. High-resolution transmission
electron microscopy (HRTEM) of the grown crystals
has been done in FEI, TECNAI G2 F30, S-TWIN mi-
croscope operating at 300 kV equipped with a GATAN
Orius SC1000B CCD camera. Energy-dispersive X-ray
(EDX) spectroscopy of the grown ZrSiS crystals has been
performed using the same microscope with scanning unit
and high-angle annular dark-field scanning (HAADF)
detector from Fischione (Model 3000). Transport mea-
surements were performed via four-probe technique in a
9 T Physical Property Measurement System (Quantum
Design) in ac transport option as well as in a 9 T
cryogen free measurement system (Cryogenic) using
nanovoltmeter (Keithley). Magnetic measurements were
done in a 7 T SQUID-VSM MPMS 3 (Quantum Design).
SI Sample characterization. In Fig. S1A, a single
crystal of ZrSiS with typical dimensions 1.8 mm × 1
mm × 0.14 mm, is shown with different crystallographic
axes. The crystals cleave perpendicular to c axis similar
to earlier report (20). High-resolution transmission
electron microscopy (HRTEM) image of the crystal
along ac plane (Fig. S1B) confirms the high quality
crystalline nature and the layered structure of the lattice
with ∼8 A˚ interlayer distance. The electron diffraction
patterns obtained in HRTEM are shown in Fig. S1C
and S1D with corresponding Miller indices of the lattice
planes. Energy-dispersive X-ray spectroscopy (Fig. S2)
verifies almost perfect stoichiometry and absence of
any impurity in the grown crystals. Magnetotransport
measurements were done on several crystals from the
same batch, which reproduced similar results.
Magnetotransport properties. The zero-field re-
sistivity shows two regions with different temperature
dependence. As shown in the Fig. S3A, the resistiv-
ity obeys T 3 dependence at low temperature, which is
followed by almost linear dependence at high tempera-
ture.
Field induced metal-semiconductor crossover is in-
dicated by the increase in resistivity with decreasing
temperature in presence of magnetic field. The crossover
temperature (Tm) is identified as the temperature where
resistivity shows minimum, i.e., the temperature where
Fig.S 1. (A) ZrSiS single crystal with different crystallo-
graphic directions. (B) HRTEM image along ac-plane. (C)
and (D) Selected area electron diffraction (SAED) pattern
obtained through HRTEM measurement.
Fig.S 2. Single crystal EDX spectroscopy data.
∂ρ/∂T becomes zero. The magnetic field dependence
of Tm is shown in Fig. S3B. For both the applied field
directions, Tm is seen to be ∝ (B −B0)1/3.
The logarithmic behavior of resistivity with inverse
temperature is shown in Figs. S4A and B for magnetic
field applied along two different crystallographic direc-
tions. At the point of metal-semiconductor like crossover,
the sign of the slope changes. From the slope of the curves
at the linear regions, the values of thermal activation en-
ergy (Eg) have been calculated. As the curves are linear
over a very small temperature range, the calculated gap
depends on the region of linear fitting and hence, becomes
a function of T. Following Tafti et al. (42), we have cal-
culated energy gap at different temperature regions. The
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error bar in Fig. S4C represents the maximum change in
Eg, when we change the linear fitting range. The calcu-
lated energy gap exhibits magnetic field dependence for
both the directions of the applied field.
As shown in Fig. S4D, the magnetoresistance (MR)
data have been plotted as a function of µ0H/ρ0. The
curves at different temperatures do not merge, indicating
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the violation of Kohler’s rule in ZrSiS.
Fig. S5A illustrates the LMR of ZrSiS. MR becomes
positive at higher fields, which is due to the small
misalignment of E and B. Therefore, a competition
between the negative LMR and positive TMR com-
ponents occurs. As both of these components have
different temperature dependence and TMR decreases
more rapidly with increasing temperature, the mini-
mum in MR shifts towards higher field with increasing
temperature. By fitting the high-field region of MR, a
small misalignment angle ∼ 2◦ is determined for all the
temperatures. Similar behavior has been observed, when
E and B both are applied along arbitrary crystallo-
graphic directions in the ab plane. As a representative,
in Fig. S5B the LMR at 2 K is shown with E and B
along b axis. Besides the Dirac and Weyl semimetals,
a few ultraclean layered materials such as PdCoO2,
PtCoO2 and Sr2RuO4 also show negative LMR (43).
However, the nature of the observed negative MR in
these compounds is completely different from that orig-
inated from chiral anomaly. In these layered materials,
negative MR appears, when E and B are along certain
crystallographic direction. For other directions, MR is
positive, even for parallel E and B configuration, unlike
Dirac and Weyl semimetals. For example, in PdCoO2
and PtCoO2, the negative MR is observed only when
E‖B‖c axis or B is close to an Yamaji angle and in
Sr2RuO4 only when E and B are within 10
◦ of the
c axis. Moreover, in these systems, the MR decreases
linearly with increasing field from its zero-field value.
On the other hand, the chiral anomaly induced negative
MR in 3D Dirac and Weyl semimetals is quadratic in
field as described by Eq. 1 in the main part of the article.
As shown in Fig. 3B, some fluctuations in the ampli-
tude of the SdH oscillation peaks have been observed
for 238 T frequency component. These fluctuations
are prominent at 2 K but not so clearly visible for
other temperatures. As the oscillation peaks are very
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sharp and the field interval used in the measurements
is not too small compared to the peak width, it is
expected that some fluctuations would appear in the
peak intensity. The peak intensity becomes systematic,
when we measured with much smaller field interval
(Fig. S6A). However, we have not observed any visible
change in peak positions. Moreover, the positions of the
fluctuations are completely random and change, when
the field interval is changed.
The Landau level index plot for the smaller Fermi
pocket has been shown in Fig. S6B. Due to the weak
non-linearity in the index plot, the intercept has been
obtained from the best linear fit. Although this method
introduces some error in the observed intercept, even
with maximum error (±0.18), which has been calculated
from the linear fitting of the first three and last three
points, the intercept is close to the previously mentioned
theoretical range and far from that expected for the
conventional quadratic band (0.5). The small deviation
in the experimental data from the straight line is a
consequence of the unequally spaced maxima/minima
in SdH oscillation (Fig. 3A) and likely to occur due
to the Zeeman splitting. The spin-split peaks can be
clearly seen in the dHvA oscillation (Fig. S7A). In Fig.
S7B, the oscillatory part of magnetic susceptibility ∆χ
= dM/dB, is plotted for the smaller frequency, after
subtracting the background. For the Landau level fan
diagram, if we assume integer indices n for maxima in
∆M, the maxima in ∆χ correspond to n + 1/4 (44).
Therefore, the Landau level index n + 1/4 is plotted
in Fig. S7C for smaller frequency, taking the peak and
valley positions of the lower field oscillations, which
are almost free from the Zeeman splitting. The linear
nature of the index plot indicates almost no error in the
obtained intercept. From Fig. S7C, a small intercept
0.05(2) is obtained, which confirms the Dirac fermionic
nature of the charge carriers associated to small Fermi
pocket.
Two-band fitting of the Hall resistivity. To cal-
culate the classical Drude mobility of the charge carriers,
the experimental Hall data are fitted (Fig. S8) using
two-band model,
ρxy =
B
e
(nhµ
2
h − neµ2e)
(nhµh + neµe)2
, (2)
in the low-field limit (45). µh (µe) and nh (ne) are the
hole (electron) mobilities and densities, respectively.
The calculated parameters are in agreement with those
obtained from the quantum oscillation and listed in
Table I of the main part of the article.
Why it is important to study the other mem-
bers ofWHM family ? ZrSiS represents a large family
of materials (WHM with W = Zr, Hf; H = Si, Ge, Sn;
M = O, S, Se and Te) with identical crystal structure
(PbFCl type). Recently, this family has been theoret-
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ically proposed as potential candidate for 2D topologi-
cal insulator (19). However, subsequent ARPES mea-
surement has revealed multiple bulk band crossings with
linear dispersion over a wide energy range and a three-
dimensional Dirac line node in ZrSiS (20). Topological
nodal line fermions have been observed in very few sys-
tems, where the strength of spin-orbit coupling (SOC)
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Fig.S 8. Hall resistivity as a function of the magnetic field.
The solid lines are classical two-band model fit to the experi-
mental data.
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plays a crucial role in protecting the line nodes (18).
Therefore, with increasing atomic number, for example
from Zr (Z=40) to Hf (Z=72), it is expected that the
increasing SOC will substantially affect the topological
protection of the non-trivial electronic band structure.
Furthermore, as M changes from O to Te, it has been
seen that the particle-hole asymmetry increases and the
interlayer binding energy decreases (19). While lower
particle-hole asymmetry introduces a global band gap,
weaker interlayer coupling enhances the mono-layer char-
acteristic in electronic properties of the system. So it
may experimentally possible to realize 2D topological in-
sulating phase in other members of the family and re-
quire further investigations. In this context, the present
work explicitly describes the different unusual electronic
properties in ZrSiS and may pave the way to subsequent
rigorous study on other members of this group.
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